We examine the influence of cost-sharing mechanism on the disruption prevention investment in a supply chain with unreliable suppliers. When a supply chain faces considerable loss following a disruption, supply chain members are motivated toward investing in manners that reduce their disruption probability. In improving supply chain reliability, the cost-sharing mechanism must be set appropriately to realize the efficiency of the disruption prevention investment. In a supply chain where the focal manufacturing company has its own subsidiary supplier and an outsourcing supplier, we analyze different forms of cost-sharing mechanisms when both suppliers confront disruption risks. Through the cost-sharing mechanisms presented in this study, supply chain members can improve their reliability via disruption prevention investments without considerably increasing the total supply chain cost. We present two concepts, the cost-sharing structure and the cost-sharing ratio, in this study. As the two key components of cost-sharing mechanism, these two elements constitute a practicable cost allocation mechanism to facilitate disruption prevention.
Introduction
Disruptions have severe consequences that result in immense costs in today's globalized supply chains. The supply chain becomes increasingly vulnerable as it enjoys decreased costs from outsourcing and lean production. Intensified by globalization, disruption threats can arise from multiple sources. Natural hazards and man-made errors may all cause disruption. In 2000, a fire caused by lightning at Philip's semiconductor plant induced an interruption of the supply of key components to Ericsson. This interruption eventually led to Ericsson's exit from the mobile phone device market. The Japanese earthquake in March 2011 caused global supply disruptions in numerous industries. The total worldwide economic effect in the automotive industry of these disruptions is estimated to amount to US$139 billion [1, 2] . In [3] , Hendricks and Singhal provide empirical evidence that supply chain disruptions significantly influence the financial performance of firms. On average, firms which experienced disruptions suffered 40% loss in stock return. Owing to the disastrous aftermaths of supply disruptions, firms eagerly seek mitigation methods to remit the impact of interruptions. Operational approaches such as multisourcing, backup sourcing, and insurance purchase are all efficient methods allowing companies to address disruption risks. Such approaches primarily emphasize the mitigation of disruption without considering the possibility of improving the reliability of the supply chain members. However, it is feasible for companies to prevent disruptions and to minimize their probability. Firms can invest in their own production processes to reduce the probability of supply disruption.
In August 2016, a severe product safety crisis occurred when Samsung introduced their newest mobile phone model, Galaxy Note 7. Numerous users reported that their mobile phone devices caught fire and exploded while charging. The overheating of the device was revealed to be caused by its defective battery. Consequently, Samsung announced a mass defective production recall and provided new product replacements. However, the replacement devices still failed to remedy the battery defects. Samsung then recalled all the devices (replacements included) and ceased production of the Note 7 by November 2016. Instead of being a hit, Note 7, as the most appealing flagship product of Samsung's mobile devices, came to its end. As the entire supply chain broke down, the revenue loss for Samsung from this crisis is estimated at US$17 billion of business income. Furthermore, the damage to the company's brand is yet to be evaluated.
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Out of the above-mentioned crises, the battery supply chain of Samsung attracted people's attention. Two main battery suppliers were involved for Note 7: Samsung's subsidiary company SDI and a Chinese battery firm ALT. When it first announced a device replacement, Samsung declared ALT as the qualified supplier of a safe product. In this practical case, both suppliers of Samsung failed to deliver quality batteries, ultimately causing substantial loss for both the suppliers and the focal corporation. Setting aside the conflict between the technology bottleneck of battery capacity and the higher requirements from the mobile company, the suppliers could have reduced certain production disruption risks through technology investment or production error detection. Thus, it is essential for suppliers to consider the possible disruption costs when formulating their production decisions. Doing so allows them to participate in self-development activities and to invest in reliability improvements.
The problem investigated in this study is enlightened by the case of the Samsung crisis. In this scenario where a focal company with two upstream suppliers faces the risk of disruption, a disruption cost allocation mechanism should be established, thereby enabling the suppliers to internalize the possible disruption loss of the entire supply chain. In doing so, when disruptions arise because of the suppliers, both the losses of their own business income and the focal company are considered. The suppliers need to formulate their own production investment decisions concerning the entire supply chain. In this study, we present a cost-sharing mechanism characterized by two key components, namely, the sharing structure and the sharing ratio. We analyze two types of allocation structures: united cost sharing and divided cost sharing. Specifically, in the allocation mechanism with a united cost-sharing structure, the suppliers share the cost of the supply chain whenever disruption transpires, regardless of which party is actually responsible for the disruption. Conversely, with the divided sharing structure, the suppliers share the supply chain costs only when they are both disrupted; however, the party solely responsible for the disruption bears the cost of the entire supply chain. Moreover, this study investigates how suppliers under each cost-sharing structure should further distribute the shared cost by presenting the other main concept of the allocation rule, that is, the costsharing ratio. We analyze two types of sharing ratios: fixed and variable ratios. The shared cost is distributed either by a fixed or by a variable ratio depending on the disruption prevention effort of the suppliers.
The remainder of this study is organized as follows. Section 2 briefly reviews related literature. In Section 3, we introduce the supply chain structure of this study and present the problem description. In Section 4, we introduce the model used to characterize the cost-sharing problem in the supply chain when two suppliers face disruption risks. Section 5 provides the numerical evidence for the results and the managerial insights. Finally, Section 6 presents the conclusions and future research directions.
Literature Review
How to deal with the supply chain disruption risk has now become an essential theme in the realm of operations management. The disruption events could happen at supply end, in the process of production, or at the demand end of the supply chain. Multiple methods, including operational approach as well as financial approach, could be used in coping with the risk of disruptions. This paper studies the disruption investment of suppliers and the cost-sharing mechanism in the supply chain. We focus our literature review in the field of supply disruption risk management and supply chain investment.
The production form of supply chain could reduce the manufactures' operation cost significantly, although this could also induce higher vulnerability in the production process. The risk of disruption from supply end has been intensified by the globalization economics. Chopra and Sodhi [4] present multiple sources of supply disruption. How to locate the appropriate method to cope with supply disruption risks has drawn major attention of the researchers and the practitioners. When applying operational mitigation, multiple-sourcing, and backup production can be used to deal with supply disruptions [5] . When facing supply risks, researches have been done to investigate supplier selection and the order distribution among the risky suppliers [6] . When the suppliers' reliability state is private information, it is possible for the suppliers to use the information sharing as a competition strategy [7] . Other mitigation methods like financial mitigation strategies are widely discussed [8] .
Former researches focus on the mitigation strategies to reduce the influence of disruptions. They mainly pay attention to mitigating the impact on firms' revenue loss. Most of the studies work upon the basic assumption that the supply chain disruption probability could not be changed by the members' efforts. Yet through certain investment activities, the suppliers' reliability could actually be improved. Krause et al. [9] gives empirical evidence showing that the supplier development could be achieved by the direct involvement of the firms. Tang et al. [10] investigate the incentives buyers could use to encourage the suppliers' investment in mitigating disruption. By adopting the endogenous supplier disruption probability, they study both direct involvement of subsidy to supplier and the indirect approach of inflation order. Bakshi and Kleindorfer [11] in their paper investigate coopetition and investment in a one-supplier and one-retailer supply chain. Considering the supplier's reliability level as private information, they use the Harsanyi-Selten-Nash bargaining framework to study the information asymmetry problem. They present an incentive-compatible contract which leads to optimal supply chain investment. This paper adopts the disruption probability characterization from their paper. However, our study differs from theirs distinctively. We investigate a different supply chain configuration with two risky suppliers. And we focus on the design and analysis of the cost-sharing mechanism, trying to find the efficient method to allocate the disruption cost. Kim and Tomlin [12] study the investments dealing with disruption in the compound system. They show how the firm should balance between the effort of failure prevention and recovery capacity when the subsystems could reinforce their own capability in resisting disruption. As they investigate the cascading failure between the subsystems, disruption penalty allocation rule is also of Mathematical Problems in Engineering 3 their research scope. Tomlin also studies different disruption mitigation strategies for multiple unreliable suppliers in [13] .
Different than the former researches, in our paper, the disruption probability is not unchangeable. The suppliers can participate in their production process and develop activities to improve their reliability. We also focus on the supply chain disruption cost-sharing problem and analyze the performance of different mechanism structures.
Problem Description
In this study, we investigate the suppliers' investments in disruption prevention and on the disruption cost-sharing problem. Using game theory models, we attempt to locate the suppliers' investment strategies in equilibrium. In this section, we introduce the investigated supply chain. Two firms are involved in the supply chain, the focal manufacturing company with its own subsidiary supply company (Firm 1) and the outsourcing company working as the supplier of the focal company (Firm 2). Both firms face the risk of disruption. We also assume that the two supplier disruption events are independent of each other. This assumption indicates that when the supply chain is disrupted, the cause can be attributed to the breakdown of only one supplier or both suppliers. Disruption from either supplier could result in a significant loss to the entire supply chain and thus to all parties in it, as demonstrated by the Samsung crisis. Even if one of the two suppliers can provide suitable components, the focal company still has to contend with the damage caused by the defective products. Hence, the suppliers should still make certain investments in the operation process in order to reduce their disruption probability. The notations of the variables and parameters used in the subsequent analysis are as follows:
1 : the disruption prevention investment of Firm 1, the subsidiary supplier.
2 : the disruption prevention investment of Firm 2, the outsourcing supplier.
( = 1, 2): the supplier's disruption probability of firm .
: the disruption probability of the supply chain. Π : the expected cost of firm i.
Π : the expected cost of the supply chain in the centralized supply chain.
: the fixed cost-sharing ratio.
: the changeable cost-sharing ratio.
: the estimated total cost of the entire supply chain when disruption occurs.
We adopt the exponential functional form characterizing the probability of disruption as a function of the suppliers' investment: = − ( = 1, 2), in which and represent the relative vulnerabilities of supplier . is the initial disruption probability of the supplier without a prevention investment. As the supplier invests in reliability improvement, its disruption probability decreases. Parameter is the accommodation coefficient that operates on the investment, which presents the technique level of the investment efficiency. Furthermore, as we investigate the disruption problem with low probability, we assume that ≪ 1. When we consider the independent disruption between the two firms, the joint disruption probability of the supply chain is = 1 − (1 − 1 )(1 − 2 ). The similar assumption and the basic model settings are adopted in [10] .
Model Formulation and Analysis
In this section, we introduce the model formulation of the problem mentioned in the previous section. We first characterize the centralized scenario and then establish the decentralized model under different types of cost-sharing structures.
Centralized Model.
To identify the optimal investment for the supplier disruption prevention in the supply chain, we develop an integral model from the perspective of a central decision maker (usually the focal company, which is the most powerful member of the supply chain). To optimize the total cost of the supply chain, the investments of both suppliers should be decided. We distinguish this scenario using the notation with the superscript . The expected disruption cost of the centralized supply is
The total cost of the centralized supply chain as jointly convex in the suppliers' investments is easily verified. We can determine the optimal investment strategies of the suppliers as shown in the following proposition.
Proposition 1. In a supply chain with a central decision maker, we can identify the optimal investments of the two suppliers as follows:
We use the centralized system as the benchmark of the following analysis. From the solution, we can see that the optimal supplier investment is increased with higher technique level of the investment efficiency and has the positive correlation with the supplier's initial disruption probability.
Nash Equilibrium Model.
In this section, we develop a Nash game model to analyze the investments of the suppliers when all the suppliers make their decisions simultaneously. We present two cost-sharing structures in this section: the divided and united cost-sharing structures.
Divided Cost-Sharing Structure.
Depending on which party is actually responsible for the supply chain disruption, the total cost of the supply chain disruption could be classified into three types: disruption solely caused by the subsidiary supplier's failure, disruption solely caused by the outsourcing supplier's failure, and disruption caused by the failure of both suppliers. In the divided cost-sharing structure, a supplier bears the disruption cost when it is solely responsible for the disruption. The portion of the disruption cost due to both suppliers is distributed between them according to the costsharing ratio. The expected disruption losses for both firms are modeled below:
The strategy space of the suppliers is evidently compact and concave in this game. Hence, the payoff function is continuous and convex with respect to the strategy of each player. Therefore, equilibrium exists.
Proposition 2.
Under the divided cost-sharing structure, we can obtain the Nash equilibrium solution for the investments of the suppliers with the fixed cost-sharing ratio:
In the decentralized system, we can observe the similar attributes of the solution with the centralized system. The corresponding management insights are given in the numerical analysis section.
United Cost-Sharing Structure.
Under this type of costsharing structure, whenever disruption occurs, the total cost of the supply chain is shared by the two suppliers. Additionally, the cost-sharing ratio acts on the joint supply chain disruption loss. The expected costs of the two suppliers are as follows:
Similarly, we can derive the investments of the suppliers under this cost-sharing structure with the fixed sharing ratio.
Proposition 3.
Under the united cost-sharing structure, the Nash equilibrium solution for the investments of the suppliers with the fixed cost-sharing ratio is as follows:
In this section, we provide the equilibrium solutions to the suppliers' disruption prevention investments for different scenarios of the supply chain configuration. In the succeeding section, we analyze the supply chain performance with numerical evidence for the complexity of the cost function of the suppliers. We also investigate the scenario when the cost-sharing ratio is changeable.
Numerical Analysis
In this section, we provide the numerical evidence of the costsharing models discussed in Section 4. We likewise present managerial insights for supply chain disruption management with the efficiency analysis of the reliability improvements under different cost-sharing structures. We use the following parameters in Table 1 for this analysis. We attempted to analyze different forms of the costsharing mechanism using the above parameter settings. The parameters from Sets 1 to 3 are used to examine the influence of fixed sharing ratio in preventing supply chain disruption. Meanwhile, the parameters of Sets 4 and 5 are employed to inspect the supplier's vulnerability state and its effects on the investments. The last set of parameters is utilized to investigate the influence of total disruption loss.
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Supplier Investments in the Centralized
System. We first present the results of the optimal supplier investment strategies in the supply chain with a central decision maker (see Table 2 ). In this scenario, all the supply chain members are integral, and the optimal disruption prevention investments are achieved.
With these results, we can compare the efficiency of the different cost-sharing structures in the decentralized system. Moreover, we can also perform a rudimentary analysis of the influence of the suppliers' investment on the supply chain disruption.
As indicators of the suppliers' vulnerability, parameters and directly influence the suppliers' investments, as shown in the numerical results for Sets 4 and 5. Based on these two sets, we understand that parameter (the coefficient of investment) has a greater impact on the result of the supply chain reliability improvement. In practice, suppliers with further advanced disruption prevention capabilities have increased advantage in reliability improvement. Furthermore, the initial disruption probability of the supplier can affect its investment. However, even with high disruption risks, the supplier can achieve the intended reliability level by investing in disruption prevention.
Numerical results from Set 6 show that when the expected loss from supply chain disruption increases, suppliers will invest more toward disruption prevention activities. Hence, despite a rapidly increasing expected total loss, the total supply loss will remain confined within a reasonable range given the sharply reduced joint disruption probability.
Supplier Investments in the Decentralized
System. We then present the results in the scenario where two firms are developing their own investment strategies in a Nash game. With the fixed sharing ratio, both divided and united costsharing structures are analyzed, and the results are shown in Tables 3 and 4, respectively. Tables 5 and 6 present the results for the two cost-sharing structures with the variable sharing ratio.
From both sets of numerical results, we can formulate key insights on the influence of cost-sharing structures on the efficiency of disruption investment.
(1) With the appropriate sharing mechanism, a decentralized supply chain can increase reliability without a substantial increase in the expected disruption cost.
In the decentralized supply chain, the expected total disruption cost is higher than in the centralized system. Under the united cost-sharing structure, suppliers tend to lessen their investment in disruption prevention. Such decision results in increased vulnerability for the suppliers and the entire supply chain. In the end, the total expected disruption cost rises. Conversely, under the divided costsharing structure, suppliers invest more, thereby improving their reliability. With the reduced vulnerability of suppliers, the joint disruption probability of the supply chain decreases, making it possible to maintain the total expected disruption cost at the same level as the centralized system.
To comprehend this unintuitive outcome, we have to reexamine the model. Under the divided cost-sharing structure, suppliers have to bear the part of the supply chain cost caused by their own failure. Only part of the cost due to the disruption from the failure of both suppliers is shared. Under this rule, the suppliers' motivation regarding disruption prevention is enhanced. Compared with the centralized scenario, under the divided cost-sharing structure the supplier has an enhanced incentive to improve its own reliability. Such intensified motivation will increase prevention investment, which will generate positive externality. The investment from Firm 1 will benefit Firm 2 objectively and vice versa. Table 3 : Equilibrium strategies under the divided cost-sharing structure with the fixed sharing ratio. Table 4 : Equilibrium strategies under the united cost-sharing structure with the fixed sharing ratio. Table 5 : Equilibrium strategies under the divided cost-sharing structure with the variable sharing ratio. Table 6 : Equilibrium strategies under the united cost-sharing structure with the variable sharing ratio. The trade-off between increased investment and decreased expected disruption loss is balanced through the cost-sharing mechanism.
(2) Cost-sharing ratio is essential in the decentralized supply chain. Given the results from Sets 1 to 3, the sharing ratio evidently affects the suppliers' investments and the supply chain's disruption probability. Under the united costsharing structure, the supplier's cost liability proportion primarily depends on the sharing ratio. The supplier with the higher liability proportion will be largely accountable for disruption prevention.
However, with the divided cost-sharing structure, both suppliers tend to exert similar amounts of efforts toward disruption prevention. With the same suppliers' vulnerability parameters, the sharing ratio works as a balance coordinator supporting adjustments to the investment between the two suppliers. Furthermore, the joint disruption probability and the expected disruption loss of the supply chain remain at the same level.
When the cost-sharing ratio is fixed, the decision regarding the specific ratio value is made upon the bargaining power between the two firms. We also analyzed the variable form of the sharing ratio, that is, when the ratio reflects the suppliers' investment outcome. Let = 1 /( 1 + 2 ) take the place of in the original models. The optimal results under the two cost-sharing structures are shown in Tables 5 and 6 .
These results show that the variable sharing ratio further improves the reliability of the supply chain. Under the divided cost-sharing structure, the variable sharing ratio continues to coordinate the supply chain. The supplier adjusts its investment efforts according to the disruption prevention outcome. With the united cost-sharing structure, the variable sharing ratio plays an even more influential role in the supply chain reliability improvement. When the suppliers distribute the supply chain loss with the variable ratio, the suppliers tend to invest more toward disruption prevention. With decreased disruption probability, the expected supply chain disruption loss will be reduced.
Comparison of the Supply Chain Performance between
the Centralized and Decentralized System. After showing the individual attributes of the decision variables in the above two subsections, we now present the whole supply chain performance comparison between centralized and decentralized system. We analyze the supply chain performance with two indicators: the total cost and the disruption probability of the supply chain. The total costs of the supply chain in centralized system, decentralized system with divided cost-sharing structure, and decentralized system with united cost-sharing structure are denoted as Π sc0 , Π sc1 , and Π sc2 , respectively. The supply chain disruption probabilities in centralized system, decentralized system with divided cost-sharing structure, and decentralized system with united cost-sharing structure are denoted as , 1 , and 2 , respectively. The parameters used in this part of analysis are as follows: 1 = 0.04; 2 = 0.06; 1 = 0.6; 2 = 0.3; = 300. The optimal results are shown in Figures 1 and 2 .
From these numerical evidences, we can get the key insights on the cost-sharing mechanism performance.
When the fixed cost-sharing ratio is neither too big nor too small, which means the two suppliers are basically equally responsible on the cost-sharing responsibility, the divided cost-sharing structure can reach the performance level of the centralized system. When the fixed cost-sharing ratios are extreme values, which means one of suppliers are mainly responsible for the supply chain disruption cost, divided costsharing structures are on the similar performance level with the united cost-sharing structure. This result shows that when the two suppliers have similar responsibility of the supply chain disruption, they will put more effort into the disruption prevention activities.
We can also find the similar performance pattern of the disruption probability. When both of the suppliers are equally encouraged to invest in disruption prevention activities, when using the divided cost-sharing structure, the total supply chain disruption probability could be even lower than the centralized system. With lower disruption probability, the expected disruption cost will also be lowered. However, with the higher investments, the total cost is on the same level with the centralized system.
Conclusion
To deal with the increasingly severe consequences of supply chain disruption, the development of efficient methods to reduce the vulnerability of the globalized supply chain becomes an essential undertaking for both researchers and practitioners. In this study, we investigated the problem of disruption loss sharing and prevention investment in a supply chain facing supply risks. When internalizing the expected loss from supply chain disruption, suppliers become motivated to contribute to disruption prevention investment that will influence the entire supply chain. As with their production processes, the suppliers can make certain investments to improve their own reliability. The distribution of the supply chain disruption loss influences the suppliers' investment motive. Therefore, a proper mechanism should be established to achieve the efficiency of the supply chain disruption prevention.
We presented two types of cost-sharing structures in this study: the divided and united cost-sharing structures. The two methods differ from each other mainly in the manner of identifying the accountability for the loss arising from the supply chain disruption. In the divided cost-sharing structure, suppliers are responsible for the disruption due to their own failure, but they share the costs incurred from joint failure. In the united sharing structure, suppliers share the supply chain loss whenever disruption occurs. Comparing the two types of cost-sharing structures, we found that supply chain reliability can be efficiently improved without significant increase in investment with the divided sharing structure. The reason is that when motivated by the prospect of being held responsible for their own failure, suppliers will reinforce their disruption prevention activities to reduce their own disruption probability. Such prevention efforts simultaneously benefit the entire supply chain. Without this positive externality, the united cost-sharing structure loses a certain amount of efficiency. Nevertheless, the united sharing structure may still prove to be competitive in practice. Under this structure, the focal company can control outsourcing suppliers by adjusting the cost-sharing ratio given its edge in terms of bargaining power.
The cost-sharing ratio is the other key part of the costsharing mechanism. Under each sharing structure, the shared part of disruption loss is distributed between the two firms according to this ratio. With the fixed sharing ratio, the focal company can manipulate the investments of the outsourcing firm under the united sharing structure. However, the variable sharing ratio can coordinate to balance the suppliers' investments. The reason for such function is that when the sharing ratio is changing along with the outcome of the prevention investments, the suppliers' motivation of improving their own reliability is strengthened.
By presenting different forms of the cost-sharing mechanism, we investigated the problem of the suppliers' investments in supply chain disruption prevention. Using the appropriate allocation rule to distribute the supply chain disruption loss enhances the suppliers' motivation to improve their own reliability, thereby reducing the expected disruption cost of the entire supply chain.
Further exploration is warranted in the supply chain disruption prevention. Future research that considers the manufacturer's disruption risk and studies the interactive influence among the supply chain members represents one direction. In this study, we focused on the analysis of the cost-sharing mechanism, and we considered the loss of the supply chain disruption as an exogenous parameter. Characterizing the interrelationship between disruption losses and prevention efforts can be interesting as well. Moreover, both of the suppliers' vulnerability states are considered as common knowledge in this study. Considering the reliability of suppliers through their private information and analyzing such information asymmetry scenario are another direction for future research.
